Stem cell therapy is a new strategy for chronic ischaemic heart disease in patients. However, no consensus exists on the most optimal delivery strategy. This randomized study was designed to assess cell delivery efficiency of three clinically relevant strategies: intracoronary (IC) and transendocardial (TE) using electromechanical mapping guidance (NOGA) compared to surgical delivery in a chronic pig model of ischaemic cardiomyopathy. Twenty-four animals underwent delivery of 10 7 autologous Indium-oxine-labelled bone marrow-derived mesenchymal stem cells (MSC) 4 weeks after infarction and were randomized to one of three groups (n = 8 each group): IC, TE or surgical delivery (reference group). Primary endpoint was defined as percentage (%) of injected dose per organ and assessed by in vivo gamma-emission counting. In addition, troponin and coronary flow were assessed before and after MSC injection.Blinded endpoint analysis showed no significant difference in efficiency after surgical (16 ± 4%), IC (11 ± 1%) and TE (11 ± 3%) (P = 0.52) injections. IC showed less variability in efficiency compared with TE and surgical injection. Overall, TE injection showed less distribution of MSC to visceral organs compared with other modalities. Troponin rise and IC flow did not differ between the percutaneous groups.This randomized study showed no significant difference in cell delivery efficiency to the myocardium in a clinically relevant ischaemic large animal model between IC and TE delivery. In addition, no differences in safety profile were observed. These results are important in view of the choice of percutaneous cell delivery modality in future clinical stem cell trials.
Introduction
After myocardial infarction (MI), chronically ischaemic myocardium may result in variable degrees of scar tissue. Native endogenous repair mechanisms are insufficient to prevent cardiac remodelling to occur, consequently infarct-related heart failure remains a major cause of morbidity and mortality [1] . Cell therapy emerged as an innovative and attractive therapeutic approach for patients with chronic myocardial ischaemia. The ultimate goal of this treatment is to support and enhance the endogenous repair mechanisms by replacing dysfunctional cardiomyocytes and inducing angiogenesis.
A modest beneficial effect was observed in clinical and preclinical studies [2, 3] . One of the critical issues for the limited success of stem cell-based therapy for myocardial repair is an efficient method for cell delivery [4] . Currently, two percutaneous approaches (e.g. intracoronary (IC) and transendocardial (TE) delivery) have been applied for treatment with different cell populations in patients with chronic ischaemia [5] [6] [7] [8] .
However, a direct randomized comparison between IC and TE using the NOGA system with blinded endpoint analysis in a chronic MI model has not been performed. Surgical injection is considered as a reference strategy, because direct visualization of the area of interest, and direct monitoring of the injection is possible. A (pre-) clinically applicable method for accurate quantification of cell retention is direct cell radiolabelling by Indium-111 oxine ( 111 In). This allows determination of cell transplantation efficiency, and thereby enables optimization of cell delivery. Therefore, our primary objective was to determine the most efficacious cell delivery technique in a randomized comparison between these clinically available transplantation modalities in a chronic ischaemic large animal model.
Materials and Methods Animals
Twenty-four female Dutch Landrace pigs (±70 kg) received humane care in compliance with the "Guide for the Care and Use of Laboratory Animals", published by the National Institutes of Health (National Institutes of Health publication 85-23, revised 1985) . The study protocol was approved by the Animal Experimentation Committee of the University of Utrecht.
Anaesthesia and euthanasia
Animals were anaesthetized in the supine position and intubated with an endotracheal tube. The animals were mechanically ventilated with the use of a positive-pressure ventilator with a mix of oxygen and air (FiO 2 0.5). General anaesthesia/analgesia was maintained with midazolam (0.7 mg/kg/hr), sufentanyl citrate (2 lg/kg/hr) and pancuronium bromide (0.1 mg/kg/hr). Metoprolol was administered intravenously (5 mg) to reduce the mechanical stress of the heart. The day before operation, 160 mg acetylic salicylic acid and a bolus of 75 mg clopidogrel were administered. During surgery, animals were anticoagulated with heparin (ACT > 250 sec.). At the end of the experiment, the animals were killed by pentobarbital overdose.
Myocardial infarction procedure
During the entire procedure, electrocardiogram, arterial pressure and capnogram were continuously monitored. MI was created by temporary proximal ligation of the left circumflex artery (LCX) for 75 min., as previously described [9] . To prevent ventricular arrhythmias, 300 mg amiodarone was given intravenously.
Randomized comparison on delivery efficiency
In 24 healthy animals, MI was surgically induced after median sternotomy. Four weeks later, the animals received autologous cell transplantation and were killed after nuclear imaging (Fig. 1) . After surgery, animals were randomly assigned to one of three groups (n = 8 per group): IC delivery, TE delivery or surgical delivery (reference group).
The randomization scheme was stored in a sealed envelope and retrieved after induction of MI by a person not involved in the study. After recovery, the animals received daily an oral dose of 50 mg metoprolol, 400 mg amiodarone, 75 mg clopidogrel and 160 mg acetylic salicylic acid until termination to prevent thrombosis and arrhythmias. Primary blinded endpoint was defined as percentage (%) of injected dose per organ derived from whole-body images observed at 4 hrs after injection. To evaluate myocardial damage of percutaneous interventions, blood samples (2.5 ml) were collected after MI, before and 6 hrs after the intervention for the measurement of plasma concentration of cTnI.
Cell culture and labelling
A total of 20-25 ml bone marrow was extracted from the sternum by a heparinized syringe before creating MI. Bone marrow-derived MSC were isolated by Ficoll density gradient centrifugation. Autologous MSC were isolated and cultured in M-199 (Lonza, Verviers, Belgium) supplemented with 10% FBS, heparin and 1% penicillin/streptomyocin. The cells were incubated at 37°C and medium was changed every 3 days. Cells were cultured in 75 cm 2 flask and passaged when they reached confluence, till passage 5-7. MSC were frozen in 10% DMSO and 90% culture medium. MSC were characterized as previously described [10] . Seven days prior to transplantation, cells were thawed, plated in flasks and grown to confluency. At the day of cell delivery, before trypanization, cells were labelled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA, USA) according to manufacturer's protocol.
Subsequently, MSC ( 10 7 ) were labelled with 30 MBq
111
In at 37°C for 20 min. After incubation, cells were washed three times with HANKS buffer (Invitrogen) to remove unbound label. Radiolabel uptake efficiency was measured with a dose calibrator (Veenstra, Joure, The Netherlands). After labelling, cell viability was assessed via trypan-blue (Sigma-Aldrich, St. Louis, MO, USA) counting. Before injection, MSC were resuspended in 2 or 10 ml PBS, depending on the delivery technique.
Intracoronary delivery
Four weeks after MI, an over-the-wire balloon (Boston Scientific Corp, Natick, MA, USA) of equivalent size to the proximal LCX artery was placed. The balloon was inflated at low pressure (2 atm) at the same location and 3.3 ml of cell suspension was infused over 30-45 sec. The angioplasty balloon was deflated after 3 min. This procedure was repeated three times and a total of 10 ml (10 7 cells) was infused. After the procedure, coronary angiography was performed to confirm vessel patency using the Thrombolysis in Myocardial Infarction (TIMI) score [11] . Blinded image analysis was performed by an independent observer not involved in the study protocol.
Transendocardial delivery
After placement of an 8-F sheath into the femoral artery, a threedimensional electromechanical map of the left ventricle (LV) was obtained using the NOGA system (Biosense Webster, Cordis, Johnson & Johnson, USA) as described previously [12, 13] . First, an electromechanical map was obtained by retrograde passage of the catheter through the aortic valve into the cavity of the LV. Next, 10 TE injections of approximately 0.2 ml were slowly performed (30- 
Surgical delivery
Lateral thoracotomy was performed and the pericardium was opened to expose the lateral surface. A 1-ml syringe with a 27-gauge needle was used to inject 10 7 labelled cells. In total, 10 injections of 0.2 ml were performed across the lateral wall in the border and infarcted zone delineated by superficial stitches.
Imaging and analysis
The anaesthetized pigs were positioned in supine position and scanned using a dual-head gamma camera (Forte, Philips, Best, The Netherlands) within 4 hrs after injection to quantify in vivo MSC distribution. A whole-body scan was acquired using the following imaging parameters: medium-energy general-purpose collimator and 512 9 1024 projection matrix. After termination, whole organs (heart; lungs; liver; spleen; kidneys; bladder including urinary catheter) and catheter systems were scanned ex vivo as static anterior and posterior images for 5 min. with the following parameters: medium-energy general-purpose collimator and 256 9 256 projection matrix. Two energy windows were acquired at 174 and 247 keV. The retained activity in syringes was measured by the dose calibrator (Veenstra). After correction for half-life, background and attenuation reconstruction, regions of interest were placed over the major visceral organs and whole-body, using manufacturer's software (Pegasys; Philips, Best, The Netherlands). Post-mortem segmental analysis of the LV was performed in a subset of animals by cutting the LV into five slices from base to apex.
Echocardiography
Chamber dimensions were obtained from transthoracic ultrasound images (5-MHz probe, IE-33, Philips) in short-axis view at the midpapillary level. All echocardiographic data were analysed using the same protocol. The LV internal diameter (LVID) was measured in longitudinal length and the internal area (LVIA) was obtained without including the papillary muscles in end-systole and end-diastole. The FAS was calculated as ((LVIA ED -LVIA ES )/LVIA ED ) 9 100. Echocardiographic data were collected after stabilization of the haemodynamics at baseline, MI and before MSC injection. A short echocardiogram was performed after cell injection to exclude a tamponade. Analysis was performed in a blinded fashion.
Pressure-Volume loop protocol
A 7-F conductance catheter was inserted via the left carotid artery into the LV and connected with a signal processor (Leycom CFL, CD-Leycom, Zoetermeer, the Netherlands). The catheter was placed retrogradely along the long axis of the LV. The correct position of the conductance catheter was verified by echocardiography or angiography and by inspection of the segmental conductance signals. The conductance signals were calibrated by thermodilution and hypertonic saline dilution [14, 15] . For thermodilution cardiac output measurements and hypertonic saline infusion, a 7-F Swan-Ganz catheter was placed via the right jugular vein into the right pulmonary artery. Data were collected during steady-state conditions with the respirator systems turned off. From these signals, haemodynamic indices were derived. Data analysis and calculations were performed with custom-made software (CD Leycom), as previously described [16] . Parameters of global systolic and diastolic function were calculated during steady-state conditions. Data were collected after stabilization of the haemodynamics at baseline and before MSC injection.
Post-mortem examination
After the pigs were killed, transverse slices of the heart were obtained. All major visceral organs were weighed. Heart samples were snap frozen using liquid nitrogen. Before cutting sections of 7 lm, samples were mounted in Tissue Tek OCT. To detect autologous MSC in histology sections, cells were pre-labelled with CFSE and nuclei were stained with Hoechst dye. Samples were analysed by fluorescence microscopy. 
Statistical analysis
Values derived from echocardiography, nuclear imaging and cTnI were analysed in a blinded fashion. Statistical comparison of data between three delivery groups was carried out using one-way ANOVA with Bonferroni post hoc correction, or in case of two groups with an independent t-test. cTnI was compared to baseline using a paired sample t-test. Accuracy of in vivo imaging was determined using a Pearson correlation and intraclass correlation coefficient (ICC). Data are presented as mean ± SE. P-values < 0.05 were considered statistically significant.
Results

Procedural and safety data
In total, 24 animals were included in the efficiency study. Three animals were excluded from the study because of cardiac tamponade demonstrated by obduction (Surgical group; day 1 after MI), sudden death probably because of a fatal arrhythmia as signs of heart failure were absent (IC group; day 28 after MI) and mechanical dysfunction of the MYOSTAR ® injection catheter (TE group). After TE injections, no cardiac tamponade was observed by echocardiography. After TE and IC infusion, TIMI 3 flow of the LCX was established in all cases. In one animal (surgical group), pressure-volume loop measurements could not be performed because of instable catheter position. Four hours after MI induction, troponin levels increased to 27 ± 7 lg/l. Four weeks later, a slight increase in cTnI after cell injection was observed in both TE (n = 6) and IC (n = 5) groups from 0.12 ± 0.1 lg/l to 2.70 ± 1.0 lg/l (P = 0.052) and from 0.14 ± 0.04 lg/l to 1.47 ± 0.8 lg/l (P = 0.389) respectively. However, no statistical difference between groups before and after injection was observed (P = 0.789 and P = 0.377) respectively. No significant differences in haemodynamic and echocardiographic parameters between the delivery groups at baseline and 4 weeks after MI were observed, indicating a correct randomization during the study (Table 1) . Overall labelling uptake was 61 ± 2% and cell viability was 69 ± 3% before injection. No significant differences were found in cell characteristics (e.g. label uptake, viability, number of cells, labelling time and time from injection till scan) between the three delivery modalities.
No difference in delivery efficiency to the heart
Whole-body c-scan revealed a trend towards higher retention of MSC after surgical delivery (16 ± 4%) compared with IC (11 ± 1%) and TE (11 ± 3%), but this difference was not statistically significant (P = 0.52). Variation in delivery efficiency was less in the IC group (Fig. 2) . Qualitative analysis after TE delivery showed a higher local retention of cells at the mid-papillary level in the targeted area compared with widespread distribution of cells in the infarcted area after IC infusion (Fig. 3) .
Variation in biodistribution of injected MSC between delivery modalities
High accumulation of 111 In-labelled cells in the lungs occurred in all injection groups (Fig. 4) . However, TE administration led to significant less retention of cells in the pulmonary tract compared with surgical delivery (P < 0.05). No trend in the lungs was seen for IC (P = 0.52). Low numbers of MSC were detected in the kidneys, liver and spleen. Significantly more labelled cells were distributed to the kidneys after TE injection compared with the other techniques (TE versus IC P < 0.05; TE versus surgical P < 0.001). A minimal amount of labelled MSC was located in the musculoskeletal system and none in the brain. For each delivery modality, about 45% of radioactive cells accumulated in non-target organs. Figure 5 displays a high correlation between whole-body radiation data and ex vivo measurements (R 2 = 0.827). These data support the translational potential of whole-body c-scan to guide cell therapy approaches from pre-clinical to clinical applications. To describe how strongly measurements resemble each other within the same group, a reliability analysis was performed. The intraclass correlation coefficient (ICC) was above 0.79 in all cases, underlying a strong reliability within groups.
Accuracy of in vivo imaging
Histological analysis
Fluorescent microscopy confirmed the presence of CFSE-labelled MSC in the heart, directly after IC, TE and surgical injection (Fig. 6) . Clusters of cells were present within the infarcted area and border zone in the histological samples of TE and surgically injected animals, whereas after IC infusion MSC were observed scattered throughout the targeted myocardium. Control samples taken from the remote area showed no CFSE-labelled MSC (data not shown).
Discussion
In this study, for the first time, a randomized comparison with blinded endpoint analysis between IC and TE using the NOGA system was performed and related to surgical injection (reference group). We used a stable porcine model of ischaemic cardiomyopathy and used state-of-the-art nuclear cell tracking to determine the most optimal stem cell delivery strategy in terms of delivery efficiency. The main novel findings are: (1) TE injection was not superior to IC in delivery efficiency; (2) Both techniques were safe, with no significant difference in myocardial damage and no mortality after cell injection.
We observed a slightly higher efficiency (11%) in chronic ischaemic myocardium at 4 hrs after percutaneous cell delivery, which is in contrast to previous studies [17] [18] [19] [20] that reported lower retention of transplanted cells (<10%) in acute porcine MI models. The discrepancy between our observations and previous observations can be explained by the differences in study design, MI model, cell type and delivery method. We performed an adequately powered randomized study for one time-point (4 hrs after injection) with blinded endpoint analysis and standard medical care comparable with the clinical treatment of patients with chronic ischaemic cardiomyopathy. MSC retention was assessed in a large animal model of ischaemic cardiomyopathy (i.e. 4 weeks after MI) whereas others performed cell delivery within 7 days after acute MI. In addition, we used autologous MSC in contrast to allogeneic or human MSC ,thereby preventing an immunological response or ectopic tissue formation [21] [22] [23] . Until now, no study determined MSC retention via nuclear imaging in an ischaemic cardiomyopathy model using the NOGA electronic mapping system, which allows accurate injection by identifying the area of MI and border zone without fluoroscopic guidance [24] . Previous studies on this topic used the Stiletto catheter (Boston Scientific Corporation) or performed surgical injection [17, 19] .
It was anticipated by others that TE would yield better results than IC. Surprisingly, we could not observe a significant difference in efficiency between percutaneous delivery groups. Moreover, IC infusion clearly demonstrated less variation in efficiency compared to TE. A possible explanation for this finding could be that TE is relatively hampered by (1) the occurrence of premature ventricular arrhythmias as a result of the myocardial injection, or (2) the presence of the posterolateral papillary muscle leading to less stable catheter and needle position during TE delivery. IC is an easy method and relatively operator independent. Our segmental analysis by ex vivo c-scan revealed site-specific retention of MSC after TE in the ischaemic area compared with uniform distribution of cells after IC.
These observations were also found in large acute MI models [20] , but were until now not confirmed in an ischaemic cardiomyopathy model. Our findings are also in line with a recently published rodent study showing superiority of IC in terms of uniformity of cell distribution, but additionally also more myocyte regeneration and amount of viable tissue in the area at risk [25] .
Commonly mentioned safety issues of cell delivery include (i) arrhythmias [26] and death, (ii) no reflow [17] and myocardial damage because of cell plugging [27] , (iii) cardiac tamponade [28] and (iv) cell distribution to non-target organs. We did not observe decreased coronary flow after IC or TE delivery during coronary angiogram. This may be because of the anticoagulation protocol and lower injected cell number compared with other studies [17, 29] . This study evaluated the effect of 10 7 MSC and no dose finding was performed. Regarding myocardial damage, we observed an increase in cTnI (<10%) after percutaneous delivery. Echocardiographic images obtained after TE showed no signs of myocardial perforation. In agreement with other groups [17, 19] , we noted a substantial redistribution of delivered MSC for all three techniques to non-targeted organs (about 45%). Cells were mainly retained in the lungs and to a lesser extent in the left-sided circulation indicating that most cells left the target area via the myocardial venous or lymphatic system. The possibility that less homing signals are present in chronic damaged myocardium and could lead to the higher redistribution remains to be Fig. 3 Segmental analysis of the LV after percutaneous delivery. To visualize cell retention in the LV, the heart was cut into five slices from apex to base (histological images). Static anterior images were obtained from all slices within 4 hrs after cell delivery. Note that after TE delivery, cells were mainly retained in the midlateral wall whereas IC infusion showed a more scattered distribution of MSC in the posterolateral wall. Representative histological and nuclear images were derived from the same animals for both groups. In-labelled MSC in various organs after IC, TE and surgical (reference) injection (n = 7/group). IC: intracoronary; TE: transendocardial.
ª 2012 The Authorselucidated. Although no acute adverse effects (e.g. respiratory failure) were observed due to extra-cardiac distribution, long-term side effects cannot be ruled out yet, as the follow-up was 4 hrs.
Recommendations for future stem cell studies
Based on our results (e.g. delivery efficiency and safety data) and others [3] , the choice of delivery method could depend on medical indication and practical aspects, as TE and IC yield similar results.
As MSC were injected through an open coronary artery, we suggest the use of IC for patients with a patent coronary artery and TE for severe and untreatable obstruction and/or severe stenosis of epicardial native vessels when using similar amount of cells. In this scenario, IC delivery cannot reach the regions of interest. This is important in view of (large-scaled) clinical trials. As the majority of the delivered cells were retained in non-target organs, organ toxicity should be evaluated in future (pre-) clinical studies.
In our study, low efficiency (11%) to the heart was found using percutaneous delivery techniques. This finding should trigger researchers to develop new catheters or strategies (e.g. microtissues, image fusion or molecular approaches) to improve targeted cell retention. Correlation between in vivo and ex vivo gamma emission counts from major organs. Correlation between in vivo and ex vivo gamma emission counts from heart, lungs, liver, spleen and bladder including urine catheter. The R 2 and the intraclass correlation coefficient (ICC) demonstrate a high agreement between quantitative whole-body imaging and post-mortem images. Fig. 6 Fluoroscopic images of labelled MSC in the heart. Representative histological sections were stained with Hoechst for nuclei (blue). The green colour indicates presence of CFSE-labelled MSC after IC, TE or surgical delivery. Sections were derived from the same animals as shown in figure 3 . Samples taken from remote area showed no CFSE-labelled MSC (data not shown). Scale bar 100 lm, 2009 magnification.
